Resveratrol is a natural organic compound, polyphenol, produced naturally by some plants in response to several harmful factors such as attack by pathogens, UV radiation, or increased oxidative stress. Many experiments suggest that it triggers mechanisms that counteract aging-related effects and plays a role in insulin resistance as well. It also possesses beneficial properties such as anti-cancer, anti-inflammatory, blood-sugar-lowering and cardiovascular effects. It is supposed to exhibit an interesting activity in neuroprotection -mainly through activation of sirtuins and counteraction in forming peptide aggregates. Still research is needed to evaluate exactly how resveratrol protects neurons, and to develop new, potential, therapeutic drugs.
INTRODUCTION
Resveratrol (RSV, 3,5,4'-trihydroxy-trans-stilbene) is a phytoalexin produced by some plants in response to several harmful environmental factors, such as: UV radiation, attack by fungi, bacteria and viruses, as well as the effect of mechanical plants damage. This compound was first isolated by Michio Takaoka in 1939 from white hellebore root (Veratrum grandiflorum). The name resveratrol presumably comes from the fragments of words: res -the name of the compound, resorcinol, which is a derivative of resveratrol; -veratr -the name of the plant Veratrum and -ol -indicating the presence of hydroxyl groups [9] . This compound is present inter alia in the roots of giant knotweed (Polygonum cuspidatum), plant used in traditional Chinese and Japanese medicine, currently primary commercial source of pure resveratrol [8] . Resveratrol occurs naturally in approximately 72 species of plants belonging among others, to class Cyperaceae, Dipterocarpaceae, Vitaceae and Gnetaceae [9, 63] . Red grapes, especially the dark variety (Vitis vinifera) are a rich source of resveratrol. It is also present in fruit: mulberry, black currant, blueberries, american lingonberries, strawberries, raspberries, apples and peanuts [37] . Intensive research efforts have been focused on the biological properties of the resveratrol since it has been associated with so-called "French paradox" [9] . Besides the beneficial effects on the cardiovascular system, resveratrol exerts also anti-inflammatory effects, inhibits the excessive fat accumulation in adipose tissue and inhibits the growth of cancer cells, by acting as an antiproliferative and proapoptotic agent [18] . Particularly important, due to the increasing number of people suffering from degenerative diseases of central nervous system, are the neuroprotective properties of RSV [37] . Currently it is estimated that more than 30 million people suffer from Alzheimer disease alone. Researchers estimate that by 2050 this number will increase 3 times if the development of new effective therapies to prevent the disease fails.
Due to the wide spectrum of effects, resveratrol is of a great interest to scientists. At the first conference in 2010 (Resveratrol 2010 1 st International Conference on Resveratrol and Health) there were formulated some very important conclusions and suggestions for further directions of studies concerning resveratrol. The overall conclusion was that available data are not sufficient to recommend the RSV for long-term administration to humans in doses higher than those taken with food. However, the data obtained from animal studies are so promising that further clinical studies on humans are recommended [84] . This review aims to present the results of some recent research concerning the role of resveratrol in the counteraction of neurodegenerative changes.
PHYSICAL PROPERTIES OF RESVERATROL
Resveratrol (C 14 H 12 O 3 ) exists in two isomeric cis-and trans-forms ( fig. 1) . Cis-resveratrol is less common and it is very unstable. Exposure of the isomer trans-to the UV light results in conversion of trans-to cis-isomer [81, 85] . The literature data indicate that trans-resveratrol is biologically more active than cisisomer [81] . The molar mass of resveratrol is 228.25 g/mol, melting point is in the range of 253-255°C. Resveratrol is well soluble in fat, ethanol (50 mg/ml) and DMSO (16 mg/ml). Its solubility in water is very low, approx. 3 mg/100 ml (approx. 103 μM) and, according to the definition of the European Pharmacopoeaia, it is considered to represent a compound practically insoluble in water. It also makes it poorly bioavailable to the human body [2] . Under laboratory conditions, using ultrasound (2 hours sonication 40W at the temp. of 25-30°C in the dark) it is possible to get slightly higher solubility in water -up to 300 μM [7] . In a crysetalline form both resveratrol and its glucoside derivative (piceid) are stable for up to about three months [31] .
MECHANISMS OF RESVERATROL'S ANTIOXIDANT ACTION IN BIOLOGICAL SYSTEMS
Taking into account the antioxidant properties of resveratrol, there should be considered a few, closely related aspects of its action. Resveratrol is a very effective scavenger of reactive oxygen (ROS) and nitrogen (RNS) species as well as of secondary organic radicals formed as a result of the reaction of biomolecules with ROS and RNS [15] . Resveratrol increases the expression of certain enzymes responsible for maintaining the oxidation-reduction balance in a cell, such as: superoxide dismutase (SOD), catalase, heme oxygenase, glutathione peroxidase [35, 65] . It also reduces activity of enzymes which play a dominant role in the production of ROS, such as xanthine oxidase [19] . Similarly to other polyphenols, it is an effective metal ions chelator and, thus, it counteracts creation of free radicals in e.g. the Fenton's reaction [35] .
Resveratrol demonstrates an unusually strong ability to remove free radicals. This property is related to presence of three hydroxyl groups in positions 3, 4' and 5, as well as presence of aromatic rings and a double bond in the molecule ( fig. 1) [10, 29] . Experimental studies confirmed that removal of hydroxyl groups or their replacement with -OCH 3 groups results in a loss of antioxidant properties of the compound.
In addition, Caruso et al. [11] showed that the OH group at position 4' is much more reactive compared to the other two groups in positions 3 and 5. The effectiveness of resveratrol in scavenging free radicals is best reflected by high reaction rate constants reported in table 1. [29, 44] is much lower. It can be assumed that resveratrol is also an effective scavenger of the other radicals with a similar structure (•OOR), such as peroxyl radicals of lipids and proteins. In addition, resveratrol also effectively removes reactive nitrogen species [76, 88] . It has been shown that it directly reacts with peroxynitrite (ONOO -). This makes it possible to prevent or reduce the nitrosylation of cysteine and tyrosine residues in proteins [26, 57, 88] . Sueishi et al. [76] demonstrated that RSV can neutralize nitric oxide. The rate of reaction of RSV with NO is higher than, e.g., the rate of the reaction of NO with catechin, myricetin, epicatechin, epigallocatechin gallate, kaempferol, but lower than the rate of the reaction of NO with trolox, uric acid and caffeine acid [76] .
Resveratrol inhibits lipid peroxidation mainly by removing lipid peroxides produced in the membrane [78] . It prevents oxidation of polyunsaturated fatty acids present in low density lipoprotein, LDL [51] . Rocha et al. [66] showed that resveratrol given to rats on high-fat diet considerably reduced the level of oxidized LDL. Resveratrol can also protect the rats' heart against lipid peroxidation induced by the action of doxorubicin [20] .
Antioxidant properties of resveratrol are also associated with activation of enzymes responsible for removal of reactive oxygen species generated in the body. The main enzymes activated in neuronal cells, as well as in other cells in the body are mitochondrial superoxide dismutase (SOD2) and catalase [74] . Such observations were reported both in in vitro and in vivo studies. It has been shown, inter alia, that the intraperitoneal administration of resveratrol to healthy rats results in an increased expression of endogenous antioxidant enzymes (superoxide dismutase and catalase) in the brain [54] . A similar effect of resveratrol was observed in mouse hippocampal cells (HT22) treated with high concentrations of glutamate, which caused an increased oxidative stress. It has been proved that resveratrol induces expression of mitochondrial superoxide dismutase by activation of the PI3K/AKT and GSK-3β-β-catenin signaling pathway [23] . An increase in mitochondrial superoxide dismutase expression was also observed in mouse myoblasts, C2C12. In this case, RSV translocates to the nucleus where it activates sirtuin 1, which directly induces the expression of SOD2. It also worth citing Carrizzo et al. studies [8] , carried out on a group of 59 patients with hypertension and dyslipidemia, which showed that resveratrol enhances the expression of mitochondrial superoxide dismutase by the mechanism dependent on the nuclear factor Nrf2 (Nuclear erythroid 2 -related factor). Beside dismutase and catalase, resveratrol also enhances expression of heme oxygenase-1 (HO-1). This effect was observed in macrophages, neuronal cells (HT22, PC12, astrocytes line C60) and human aortic smooth muscle cells [13, 32, 62] . Heme oxygenase-1 reduces cell damage under oxidative stress conditions induced by ischemia, inflammation, hypoxia and hyperoxia. Due to HO-1, free heme, which is cytotoxic and acts prooxidatively, is broken down in the body. Emerging after heme decomposition, biliverdin and bilirubin have potent antioxidant activity. In the central nervous system (CNS), heme oxygenase is a key defensive mechanism of cells exposed to oxidizing agents. It was found that resveratrol increases expression of inducible heme oxygenase by activation of the nuclear factor Nrf2 [13, 32, 62] . Under homeostasis, Nrf2 accumulates in the cytoplasm and forms a complex with the inhibitory protein Keap1. Keap1 functions as a sensor of oxidative stress and if an imbalance in oxidation-reduction occurs, Nrf2 is released from Nrf2 -Keap1 complex. During translocation of Nrf2 to the nucleus it associates with the antioxidant response elements (ARE) found in the promotor region of nuclear DNA. Activation of genes encoding enzymes of the second phase is taking place, such as glutathione S-transferase, the above-described heme oxygenase, oxidoreductase NAD(P)H: quinone [71] .
Recent studies have shown that resveratrol increases expression of reductase methionine sulfoxide (MsrA) in human neuroblastoma SH-SY5Y cells [85] . Methionine sulfoxide reductase (MsrA) is one of the enzymes involved in protection of cells from damage caused by oxidative stress. Research has shown that overexpression of the MsrA in the dopaminergic cells prevents damage leading to death and reduces the level of protein aggregation induced by the action of neurotoxins, such as, e.g., rotenone [42] .
As indicated at the beginning of this section, one of the mechanisms of antioxidant action of resveratrol is a reduction in activity of enzymes which play an important role in the production of ROS in the body. One of such enzymes is cyclooxygenase 1 (COX 1). It is an enzyme that catalyzes the first step in the synthesis of prostaglandins. It has been found that resveratrol inhibits cyclooxygenase 1 in the concentration-dependent manner [77] . These observations were confirmed in subsequent studies, including those conducted on rat microglial cells treated with lipopolysaccharide (LPS). It has been found that resveratrol significantly reduced activity of COX 1, which did not result in the synthesis of prostaglandin (PGE 2 ) and the formation of 8-iso-prostaglandin F2α (8-iso-PGF 2α ), factors involved in production of free radicals. Furthermore, it was observed that resveratrol in a dose-dependent manner reduces expression of microsomal synthase 1 (mPGES-1), an enzyme which takes part in one of the stages of PGE 2 synthesis [5] .
Both in vitro and in vivo studies have shown that resveratrol supresses the activity of xanthine oxidase and NADPH oxidase, the enzymes which are some of the main sources of superoxide anion production in the body [69, 74] .
THE RESVERATROL'S ROLE IN COUNTERACTING AGGREGATION OF LOW MOLECULAR WEIGHT PEPTIDES AND PROTEINS INVOLVED IN NEURODEGENERATIVE PROCESSES
Epidemiological studies indicate that moderate wine consumption significantly reduces the risk of developing Alzheimer's disease. Found in wine polyphenolic compounds, beside their strong antioxidant properties, may also directly prevent formation of aggregates of β-amyloid, alpha-synuclein, tau protein and/or reduce their toxicity [39] . In addition, polyphenols induce processes counteracting excessive accumulation of the above-mentioned proteins in a cell. Among the compounds found in large amounts in red wine (resveratrol, quercetin and catechin) only resveratrol significantly reduces the level of intracellular accumulation of amyloid β-peptide [45] . It might be an effect of various mechanisms. It has been proved that resveratrol increases activity of neprilysin (NEP), a proteolytic enzyme belonging to zinc metalloendopeptidases family [45] . This is an extremely important enzyme, degrading Aβ in vivo. Effective removal of amyloid peptide by NEP overexpression can be an important element of a new strategy for the therapeutic treatment of AD [60] . Resveratrol also activates the proteasome, whose activity is significantly reduced in the brain of patients with Alzheimer's disease [62] . Proteasome activation leads to an efficient degradation of Aβ [62] . This process also prevents the excessive accumulation of modified proteins in cell [64] . Anti-amyloidogenic activity also showed three analogues of resveratrol: piceatannol (trans-3,3',4,5'-tetrahydroksystilben), trans-3,4',5-trimethylstilbene and TMS (2,3',4,5'-tetramethylstilbene). All tested derivatives decreased the level of Aβ in cells but only TMS showed a high efficiency, comparable to resveratrol [45] .
Studies conducted by Feng et al. [21] demonstrate that RSV is directly linked to Aβ42 and in the concentration-dependent manner inhibits formation of Aβ42 fibrils. The effectiveness of RSV in this process is very high, as added to Aβ42 (10 μM) at a concentration of 10 μM or 100 μM it inhibits formation of amyloid fibrils by, respectively, 50% and 90%. Comparing the activity of other polyphenols (ginkgolides, catechins, curcumin) it has been shown that RSV has the strongest anti-amyloidogenic properties [21] .
In the neurodegenerative diseases, aggregating proteins do not form one product but several conformers of varying toxicity and specific biochemical properties. Ladiwala et al. [39] studied the effects of resveratrol on individual products formation during aggregation of amyloid peptide, consisting of 42 amino acid residues (Aβ42). Among the different conformers, they pointed out the ones that had been transformed by resveratrol. These were: soluble oligomers, intermediates and fibrillar amyloid fibrils. They were converted to the alternative non-toxic insoluble products characterized by high molecular weight and lack of an ordered structure [39] . Inhibition of toxic conformers formation by resveratrol is associated with its structure. It was found that the two aromatic rings of resveratrol bind to β structures present in significant quantities in the Aβ42 oligomers, which can prevent the formation of fibrils and destabilize the existing ones ( fig. 2) . In contrast to the above-cited studies [21] , the Tessier's group [39] found that resveratrol does not directly affect the structure of soluble low molecular weight Aβ monomers and non-toxic oligomers.
Another important observation regarding the neuroprotective action of resveratrol results from in vivo studies on mice which were fed for 45 days with food containing resveratrol. Even if resveratrol or its metabolites were not found in mouse brains, in certain areas of the encephalon much fewer amyloid plaques were formed. The greatest reduction was observed in the medial cortex (48% reduction) in the striatum (89% reduction) and in the hypothalamus (90% reduction). These changes occurred without detectable activation of SIRT1 and without changes associated with the processing of the amyloid precursor protein APP. Besides, a significant reduction in glutathione (21%) and an increase in cysteine to 51% were reported in the brains. These results suggest that RSV induces an increased level of cysteine, which might be important in the protection and prevention of amyloid plaque formation [34] . 
THE ROLE OF SIRTUINS IN NEURODEGENERATIVE DISEASES AND ROLE OF RESVERATROL IN THEIR ACTIVATION
Due to the fact that the activity of sirtuins is important in neurodegenerative diseases, their role and participation of resveratrol in their activation were described in the following chapter.
Sirtuins belong to the family of NAD + -dependent histone deacetylases and are a highly conserved group of proteins occurring in both archaebacterial species and eukaryotes. In mammals seven homologs belonging to the Sir2 protein family (SIRT1 -SIRT7) were identified. They differ in their function and location in the cell (tab. 2) [4] . So far sirtuin 1 (SIRT1) has been the best known. Human SIRT1 is the largest protein of the sirutins family. Its molecular weight is 81.7 kDa and it consists of 747 amino acid residues. In the central part of the molecule there is a globular catalytic NAD + binding domain (residues 273-517). On C-terminal and N-terminal ends it contains two disorderd domains containing about 250 amino acid residues. Therefore, it has been included into the class of proteins known as inherently disordered, for which a separate database was created containing structural data (DisProt -Database for Protein Disorder). At the disordered ends there are signal sequences for the nuclear localization signal (NLS) and the nuclear export signal (NES) and numerous places that undergo post-translational modifications. SIRT1 localized in the nucleus mostly exhibits deacetylase activity [75] . Research carried out in recent years has considerably increased knowledge of the role of sirtuins in the body. Scientists hope to use these proteins for the protection against neurodegenerative processes. It has been shown that they maintain homeostasis of proteins directly involved in the formation of aggregates (eg. amyloid β, alpha-synuclein). They are also involved in enhancement of neuroplasnticity, inhibition of inflammatory reaction and they ensure proper functioning of mitochondria. Moreover, they regulate epigenetic modifications [4] .
Amyloid plaques are a characteristic feature of Alzheimer's disease and they are formed due to the accumulation of toxic peptides, consisting of 40-43 amino acid residues. Amyloidogenic peptides result from endoproteolytic cleavage of amyloid precursor protein (APP) by the beta and gamma secretases. Alpha-and gamma-secretases take part in an alternative process, in which non-amyloidogenic peptides are formed. Donmetz et al. [16] demonstrated that SIRT1 increases the activity of alpha-secretase by inhibition of ROCK kinase (Rho-dependent kinase) and further by deacetylation and activation of the receptor β retinoic acid it increases transcription of the ADAM10 protein belonging to the alpha-secretase family ( fig. 3) [16] . RNA polymerase 1 regulation of rRNA synthesis and ribosome production [80] Degenerative diseases called tauopaties (eg. Alzheimer's disease, corticobasal degeneration, dementia linked to lateral amyotrophic sclerosis and parkinsonism) are associated with the pathology of protein tau -associated with microtubules (Microtubule Associated Protein Tau, MAPT). In tauopaties, changes of tau protein depend on the type of disease. Alzheimer disease involves hyperphosphorylation, abnormal and excessive acetylation and increased accumulation of neurofibrillary tangles (NFT). in The number of neurofibrillary tangles in the brain of Alzheimer patients correlates inversely with the level of SIRT1 [52] . This relationship suggests that the increased accumulation of tau protein is associated with the low deacetylase activity of SIRT1 [33] . Appropriate regulation of acetylation/ deacetylation processes of tau protein may form the basis for new therapeutic approaches in treatment of tauopaties. Many studies indicate that resveratrol or its derivatives may be activators of SIRT1 [51] .
In mammals, unnecessary and damaged proteins, e.g. unfolding, oxidatively modified or aggregated ones are removed by proteasome or in the process of autophagy by autophagosomes and lysosomes. The impaired autophagy process and the ubiquitin/proteasome pathway can cause premature aging and contribute to the development of neurodegenerative diseases such as Alzheimer's, Parkinson's and Huntington's disease. In proteasomes, peptides and proteins which have been previously attached to ubiquitin, are degradated. Both acetylation and ubiquitination occur on lysine residues, so acetylation often competes with polyubiquitination [52] . As a result of the increased acetylation, degradation of proteins by proteasomes is significantly reduced. Thus, reduced activity of SIRT1 results in protein hyperacetylation, which prevents polyubiquitination and degradation ( fig. 3 ). An example of a protein that is over-acetylated with the reduced activity of SIRT1 is tau protein [52] . In the process of autophagy, damaged and aggregated proteins, FIGURE 3. Protective mechanism of SIRT1 in Alzheimer disease. SIRT1 deacetylates tau protein, leading to increased tau polyubiquitination. SIRT1 enhances acitivity of alpha-secretases by reducing ROCK1 -kinase which suppresses alpha-secretase. It also deacetylates and induces activation of retinoic acid receptor (RAR) β, which enhances transcription of ADAM10 -a component of alpha-secretase [51] bacteria and viruses and malfunctioning organelles are removed. This process is stimulated, among other, by resveratrol. The influence of resveratrol is connected with activation of SIRT1, which directly affects the process of autophagy by deacetylation of protein components forming autophagosome. Furthermore, the deacetylation of transcription factor FOXO family (Forkhead transcription factor O) induces expression of proteins involved in autophagy [56] . Efficient processes of protein degradation play an important role in maintaining the normal function of all cells, especially long living neurons.
During the studies on human neuroblastoma SK-N-BE cell line it was observed that SIRT1, activated by resveratrol, protects cells from the toxic effect of alpha-synuclein [86] . One of the mechanisms that reduce alpha-synuclein aggregation in a cell is deacetylation of heat shock factor-1 (HSF1) by SIRT1 [86] . Deacetylated HSF-1 activates expression of heat shock protein, HSP-70, which increases resistance of cells to stress and maintains the proteins in the cell homeostasis ( fig. 4) [17, 86] .
The essential feature of neurodegenerative diseases is a progressive and irreversible reduction of synaptic plasticity which, in turn, leads to impairment of memory and learning abilities. Sirtuin 1 participates in maintenance of neuroplasticity by regulating the expression of small RNAs -miR-134. Normally, SIRT1 forms a complex with the transcription factor YY1, suppressing the expression of miR-134 and thereby increasing expression of the neurotrophic factor, BDNF (Brain-derived neurotrophic factor). BDNF increases the number of dendritic spines, neuronal connections and improves memory function ( fig. 4) . Anoth-FIGURE 4. The role of SIRT1 in Parkinson's and Huntington's diseases. In PD models, SIRT1 leads to heat shock factor 1 (HSF1) deacetylation and, thus, results in an increased expression of heat shock protein HSP-70, thereby preventing alpha-synuclein aggregation. In HD, SIRT1 protects neurons by activating target of rapamycin complex 1 (TORC1) and brain-derived neurotrophic factor (BDNF) [17] er mechanism which mediates the regulation of BDNF by SIRT1 involves the deacetylation of MeCP2 protein (Methyl -CpG -binding protein 2), which results in an increased transcription of BDNF in the hippocampus [24] .
Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α) plays a key role in the regulation of cell metabolism, stimulation of mitochonodrial biogenesis and oxidative phosphorylation. Additionally, it is a factor which determines the antioxidant cellular response by inducing expression of mitochondrial superoxide dismutase and glutathione peroxidase [46] . Studies conducted in mice lacking the gene encoding PGC-1α showed that they are much more sensitive to neuronal cell damage triggered by MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinyl) and kainate. In Huntington's disease the mutated huntingtin inhibits expression of gene encoding PGC-1α. It has been shown that activation of PGC-1α by SIRT1 attenuates the cytotoxic activity of mutant huntingtin and improves the function of mitochondria. Interaction of SIRT1 with PGC-1α also affects in the maintenance of an appropriate energy equilibrium [14] .
In many neurodegenerative diseases chronic, persistent inflammatory conditions are observed. A significant role in these processes is played by nuclear transcription factor NF-κB, which regulates the immune response and activates expression of genes responsible for development of inflammation [44] . Degeneration and neuronal cell death due to inflammation, caused by activation of NF-κB, is considered to be one of the elements of pathogenesis of Alzheimer's disease. It has been shown that SIRT1 and its activators, such as resveratrol and its derivatives, possess anti-inflammatory properties. Action of sirtuin in this case is exerted by inactivation of NF-κB, which is a result of deacetylation of lysine at position 310 of p65 subunit of NF-κB. Studies on mice have demonstrated that activity of NF-κB in the hypothalamus increases with age. Lifespan of the examined mice is prolonged by inhibition of NF-κB. It has been observed that increased expression of SIRT1 or diet enriched with resveratrol significantly reduced neuronal loss caused by chronic inflammatory conditions. An increased expression of SIRT1 also significant ly decreases activity of NF-κB induced by the action of Aβ [17] .
Due to the high energy requirements in the nerve cells a special role is played by mitochondria. These organelles produce energy but also are a major source of reactive oxygen species. It has been found that any disorder of the processes taking place in the mitochondria can be the beginning of neurodegenerative processes. Sirtuin 3 is of particular importance in maintenance of homeostasis in mitochondria [36] . It is located in the matrix as well as in the inner mitochondrial membrane. Under oxidative-stress conditions it can translocate to the nucleus. Expression of SIRT3 is the highest in metabolically active tissues and organs such as brain, heart, liver, brown adipose tissue and skeletal muscle [36] . SIRT3 participates in deacetylation and activation of several mitochondrial enzymes involved, among other, in β-oxidation of fatty acids, amino acid metabolism, transport of chain electrons and exhibits antioxidant activity (e.g. manganese superoxide dismutase and isocitrate dehydrogenase 2) [61] . Additionally, sirtuin 3 inhibits components of the mitochondrial permeability transition pore, such as cyclophilin D [36] . Mitochondria are dynamic organelles because they are constantly dividing, translocating, changing their size and shape. The balance between their divisions and fusion is crucial to functioning and survival of neuronal cells. The fragmentation of the mitochondria is controlled by the dynamin related protein 1 (DRP1) while the fusion takes place with participation of optic atrophy 1 proteins (OPA1), mitofusin 1 (MFN1), mitofusin 2 (MFN2) [36] . Preliminary studies have shown that higher activity of SIRT1 and SIRT3 increases metabolism by activating the fusion and stops divisions of mitochondria. In fruit flies and yeast after treatment with sirtuin's activating compounds, such as resveratrol or NAD + , increased mitochondrial fusion processes were observed. Consequently, this led to longer life of the specimens. Further studies need to be conducted to determine whether similar mechanisms are also found in mammals [36] .
FIGURE 5. Mechanism of SIRT1 activation by resveratrol. The effect of resveratrol is similar to effects observed upon low caloric diet, it also leads to increase in cAMP. Resveratrol inhibits PDEs (phospho diesterase), leading to increased cAMP (cyclic AMP) levels, Epac1 (cAMP-regulated guanine nucle otide exchange factor 1) activation, elevated intracellular calcium, and AMPK activation. Downstream of AMPK, an increase in NAD + levels leads to SIRT1 activation, which promotes beneficial metabolic changes primarily through deacetylation and activation of PGC-1α. Dashed arrows indicate the previously reported molecular pathway, showing that protein kinase A (PKA) phosphorylates and activates SIRT1. Increased cAMP levels activate PKA. Black arrows indicate the pathway proposed by Park et al. [58] In mammals, including primates, it was observed that a low-calorie diet similarly to the regular consumption of RSV repeatedly delayed the incidence of diseases such as atherosclerosis, cardiovascular disease, type 2 diabetes, cancer and neurodegenerative diseases. In both cases, some proteins, which are crucial in maintenance of homestasis, are activated. As described above, the primary mechanism of resveratrol's action in cell is activation of sirtuin 1 [58, 80] . Despite many studies, this mechanism is still controversial. Some have questioned the ability of resveratrol to directly activate SIRT1 [58] . On the basis of numerous studies it was demonstrated unequivocally that resveratrol indirectly activates SIRT1 [6, 58, 80] . Park et al. [59] demonstrated that resveratrol directly inhibits activity of cyclic nucleotides phosphodiesterase (PDE), which leads to an increase in 3',5'-cyclic adenosine monophosphate (cAMP), activation of the exchange guanine nucleotide Epac1 and elevation of intracellular calcium CaMKKβ controlling kinase activity (Calcium/Calmodulin -dependent Protein Kinase Kinase). CaM-KKβ kinase by phosphorylating AMPK activates it, consequently it results in the inhibition of cholesterol synthesis pathways of fatty acids, insulin secretion and an increase in the level of NAD + which leads to activation of SIRT1 ( fig. 5 ) [59] . Another mechanism taken into consideration is the phosphorylation and activation of SIRT1 by protein kinase PKA, whose activation is promoted by an increase cAMP levels ( fig. 5) [59] .
SUMMARY
Resveratrol is one of few naturally occurring compounds with such a wide health promoting spectrum of activity. The results obtained on the basis of numerous in vitro studies encourage scientists to continue investigations on animals, followed by clinical trials on humans. Particularly noteworthy is participation of resveratrol in activation of longevity enzymes, sirtuins. It was established that these enzymes have neuroprotective properties. Appropriate regulation of their catalytic activity could potentially be used in treatment of age-related disorders. Besides, it has been shown that resveratrol, by directly affecting proteins and peptides involved in neurodegenerative diseases, counteracts their toxicity and inhibits formation of toxic protein aggregates.
